Cytokines play crucial roles in orchestrating complex multicellular interactions between pancreatic b cells and immune cells in the development of type 1 diabetes (T1D) and are thus potential immunotherapeutic targets for this disorder. Cytokines that can induce regulatory functions-for example, IL-10, TGF-b and IL-33-are thought to restore immune tolerance and prevent b-cell damage. By contrast, cytokines such as IL-6, IL-17, IL-21 and TNF, which promote the differentiation and function of diabetogenic immune cells, are thought to lead to T1D onset and progression. However, targeting these dysregulated cytokine networks does not always result in consistent effects because anti-inflammatory or proinflammatory functions of cytokines, responsible for b-cell destruction, are context dependent. In this review, we summarise the current knowledge on the involvement of well-known cytokines in both the initiation and destruction phases of T1D and discuss advances in recently discovered roles of cytokines. Additionally, we emphasise the complexity and implications of cytokine modulation therapy and discuss the ways in which this strategy has been translated into clinical trials.
INTRODUCTION
Type 1 diabetes (T1D) is a chronic autoimmune disease characterised by the progressive and insidious destruction of b cells. 1 This disease results from immune system breakdown, which is predominately mediated via T helper 1 (Th1) cells, accompanied by the activation and islet infiltration of immune cells, which collaborate to destroy pancreatic b cells and cause overt hyperglycaemia. 2 Current T1D therapy mainly involves exogenous insulin replacement, highlighting the need for immunotherapies to limit the disease and improve clinical outcomes.
Genetic and immunopathogenic studies have directly implicated cytokines in the pathogenesis of T1D. In addition, cytokines are the major drivers of inflammation and play crucial roles in controlling ongoing b-cell destruction. 3 Studies in mouse models, particularly in nonobese diabetic (NOD) mice, a well-established animal model of T1D, have shown that the modulation of cytokine function can be used for therapy and have identified several new cytokines as potential therapeutic targets to combat immune-mediated b-cell damage. 4 The key roles of cytokines have also been highlighted by findings that blockade of tumor necrosis factor (TNF) results in the preservation of b-cell function in children with new-onset T1D 5 and that IL-2 treatment is able to increase the proportion of regulatory T cells (Tregs) without adverse effects in patients with established T1D. 6, 7 However, the roles of cytokines in the pathophysiology of T1D are often unclear and complex, especially during inflammation and disease progression, when many more dysregulated cytokines are entangled into the dynamics of cytokine regulation ( Figure 1 and Table 1 ). Very few cytokines have exclusively proinflammatory or anti-inflammatory functions in the context of T1D. For purposes of this review, cytokines are classified into classical cytokines with anti-inflammatory roles, such as IL-10, TGF-b and type-2 cytokines; classical cytokines with proinflammatory roles, such as IL-1, IL-6 and TNFa; and cytokines with more recently described roles, such as the IL-12 family, IL-21 and IL-33. We discuss the pleiotropic roles of cytokines, which determine whether a pathological or protective immune response occurs in both the initiation and destruction phases of T1D. We also discuss potential implications of cytokines in the deployment of immunotherapeutic strategies for T1D.
CLASSICAL CYTOKINES WITH ANTI-INFLAMMATORY ROLES
Cytokines such as IL-2, IL-10, TGF-b and type-2 cytokines exert inhibitory or anti-inflammatory effects in T1D, and their contribution to the disease progression is discussed below.
IL-2
IL-2 was initially discovered as a T-cell-stimulatory cytokine that supported the proliferation and differentiation of effector T cells. Further studies have shown that low-dose IL-2 favors the development of Treg populations, thus controlling disease onset and progression in T1D. 8, 9 Moreover, IL-2 has been described to promote bcell proliferation in animal models. 10 IL-2, therefore, is a potential therapeutic target in T1D, as demonstrated in both preclinical and clinical studies (Table 1) .
Indeed, IL-2, via its receptor (IL-2R), exerts pleiotropic effects on a range of immune cell populations, including natural killer (NK) cells and effector T cells, which play pathological roles in T1D onset. Mechanistic studies have shown that Tregs are distinct from other immune cells as they constitutively express high levels of IL-2Ra (also referred to as CD25) and, therefore, exhibit a more sensitive response to IL-2 through the activation of the trimeric IL-2R. Furthermore, Tregs seem to be more dependent on the IL-2/ STAT5 pathway in response to active stimulation; by contrast, the MAPK, PI3K/AKT and STAT5 pathways are activated in effector T cells. 11 These mechanistic studies have led to strategies for tipping the balance between Tregs and effector T cells in T1D towards Tregs via administration of low-dose IL-2.
Administration of a low dose of IL-2 to NOD mice prevented the development of diabetes. 8 In this context, IL-2 is a selective Treg stimulator in the pancreas, facilitating the expression of cell-surface markers such as CTLA-4, ICOS and GITR, which promotes the generation and suppressive activity of Tregs. 8 Combination therapy with IL-2 and sirolimus, an immunosuppressant that inhibits IL-2-mediated T-cell proliferation but not IL-2-induced T-cell apoptosis, is effective in preventing autoimmune destruction of b cells in spontaneous and recurrent autoimmune diabetes. 12 This protective effect is due to the inhibition of autoreactive Th1 cells, with a shift to Th2-and Th3-type cytokine-producing cells. 12 Low doses of IL-2 have also been reported to increase the proportion of Tregs in patients with T1D. 6, 7 By contrast, highdose IL-2 is less effective, resulting in a trend towards expansion of effector T cells and NK cells, as well as IL-17 expression, although the effect on Tregs is more pronounced and prolonged than that of low-dose IL-2 7 ( Figure 1 ). These data emphasise that low-dose IL-2 can specifically expand and activate Treg populations, reestablishing immune tolerance in T1D. Notably, residual b-cell function is necessary for the therapeutic benefit following IL-2 administration. IL-2 therapy has not been reported in patients with new-onset T1D, who have residual b-cell function; thus, it is unclear whether this therapy is clinically effective.
Type-2 cytokines
Type-2 cytokines, including IL-4, IL-5, IL-9 and IL-13, which promote type-2 immune responses, show promising effects in suppressing type 1-driven autoimmune disease. Only limited studies have been reported to date, and thus, the roles of IL-5 and IL-9 are still poorly described in T1D. IL-5 is important for the proliferation of CD19
cells in NOD mice and stimulates the secretion of IL-10 by B cells, which exerts a robust suppressive effect on the pathogenesis of diabetes. 13 IL-9 expression is increased in the serum of patients with T1D; it is correlated with the size of Th9 effector subpopulations and predicts HbA1c values, but the role of IL-9 in T1D is uncertain. 14, 15 The IL-4 and IL-13 cytokines, encoded by adjacent genes, transduce signals via a partially shared receptor (IL-4Ra), and their effects in T1D have been unveiled in a number of studies.
IL-4 levels are decreased in both newly diagnosed T1D patients and in NOD mice, 16, 17 but IL-4 may play a dispensable role in controlling disease aggressiveness, a hypothesis supported by the finding that complete elimination of IL-4 did not accelerate or intensify insulitis in NOD mice (Table 1) . 18 However, genetic overexpression of IL-4 or systemic administration of the cytokine prevents the onset of insulitis and decreases the incidence of diabetes (Table 1) . [19] [20] [21] Similarly, local because of the pleiotropic nature of cytokines, a given cytokine, such as IL-2 or IL-15, may trigger the activation of both diabetogenic and regulatory immune cells. In addition, b cells express high levels of cytokine receptors, such as IL-1R, IL-4R and IL-22R, and exhibit increased sensitivity to cytokine-induced apoptosis or regeneration. Thus, under in vivo conditions, the complexity of cytokine networks differentially contributes to the initiation and destruction phases of T1D. [22] [23] [24] The protective effects of IL-4 are in part due to the activation of the IL-4R-mediated PI3K and JAK/ STAT pathways; these pathways promote the viability of b cells, in which IL-4R is highly expressed and functionally competent. 25, 26 Other mechanisms include the restoration of IL-2 and the activation and expansion of iNKT cells and Tregs (Figure 1) . 24, 27 IL-13, similar to IL-4, suppresses the ongoing bcell destruction and prevents T1D development. IL-13 production is decreased in patients with T1D, even in subjects carrying a genetic risk of T1D, compared with that in healthy control subjects. 28, 29 Importantly, the defective IL-13 production correlates with the reduced regulatory capacity of iNKT cells, implying that IL-13 secretion is important for the regulatory role of iNKT cells in T1D. 30 Consistent with these findings, treatment with a recombinant human IL-13 markedly delays the progression of insulitis and diminishes the incidence of spontaneous diabetes. 30 IL-13 modifies the cytokine profile in the periphery from type 1 to type 2, with an increased level of IL-4 and decreased levels of IFN and TNF ( Figure 1 and Table 1) . 30 IL-13 treatment also increases the blood levels of IgE in an adoptive transfer model, resulting in the prevention of diabetes development ( Figure 1 ). 30 In addition to affecting the immune response, IL-13 has been proposed to protect b cells via the activation of STAT6 and upregulation of antiapoptotic genes in pancreatic b cells (Table 1) . 31, 32 Conversely, inhibiting the IL-4/IL-13 pathway via genetic deficiency of IL-4Ra or the IL-4Ra/IL-13Ra1 heteroreceptor is effective in controlling the blood glucose levels and islet inflammation. 33, 34 The proposed mechanism suggests that IL-4Ra/IL13Ra1 receptor deficiency increases the frequency of mTGFb
+

Foxp3
int Tregs and the persistence of CD206 + macrophages in the pancreas. 33 These results seem to fuel a debate about the controversial functions of these cytokines in the control of diabetogenic responses. IL-4 and IL-13 are examples of cytokines that can target the same part of a receptor and perform overlapping functions; thus, blocking the affected receptors may produce multiple effects on the inflammatory process, which are not completely clarified. Nevertheless, signalling via IL-4 and IL-13 
IL-10
IL-10, a cytokine with anti-inflammatory properties, plays a crucial role in preventing inflammatory and autoimmune pathologies. This role is mediated though IL-10R and is associated with many immune cells, generating feedback regulation of diverse immune responses. Despite the immunosuppressive effects attributed to IL-10, its ability to modulate disease progression remains controversial in T1D.
Several therapeutic interventions that activate IL-10 have been reported to improve b-cell function, inhibit insulitis progression, and prevent the occurrence of diabetes in animal models. 35, 36 The protective effects of IL-10 have also been reported in humans, as suggested by a strong correlation between increased IL-10 expression and disease attenuation. 37, 38 The mechanisms proposed for the regulation of T1D by IL-10 involve increases in Treg frequencies and Th2-type cytokine (IL-4 and IL-10) levels, as well as the suppression of Th1-type cytokines (IL-2 and IFN-c) ( Figure 1 and Table 1) . 36 ,39 IL-10 is also associated with the tolerant state of immature DCs and IL-10-producing regulatory B cells (Bregs) in T1D. 38, 40 Treatment of monocyte-derived DCs with TGF-b and IL-10 induces tolerogenic properties, and this immature state has been shown to drive insulinspecific tolerance in effector/memory T cells generated in patients with T1D. 40 Similarly, both murine and human Bregs can significantly abrogate T-cell-mediated immune responses to an islet-specific antigen, which is consistent with the reduction of this population in NOD mice and patients with T1D. 38 However, IL-10 also plays a pathogenic role at the initiation stage of the disease. As has already been reported, local production of IL-10 accelerates the onset and increases the prevalence of diabetes.
41,42 These complicated and opposite biological effects have suggested that IL-10 plays both immunosuppressive and stimulatory roles, which limits its translational potential. The exact mechanism of action is unclear, but it has been speculated that IL-10 facilitates the apoptosis of double-negative (CD4 À CD8 À ) T cells, which exhibit prominent antigen-specific immune tolerance properties ( Figure 1 and Table 1) 43 and whose reduction contributes to disease susceptibility in NOD mice. Furthermore, type 1 IFN signals, which drive prediabetic or susceptible individuals towards T1D, can inhibit IL-10 signals via the JAK/ STAT pathway in effector T cells and Tregs, subsequently altering the responses of these cells in T1D. 44 Thus, because the effects of IL-10 are dependent on the immune cell type and cytokine milieu, the physiological significance of this cytokine in T1D needs further clarification.
TGF-b
TGF-b is a family of pleiotropic cytokines with potent immunosuppressive activities, which are exerted via Tregs against almost all types of immune cells. TGF-b is generally accepted to play disease-suppressive roles in autoimmune diseases. In the context of T1D, TGF-b signalling is critical for the development of natural Tregs in the thymus and also induces Foxp3 expression and differentiation of peripheral Tregs. 45 However, the molecular mechanisms that underlie the beneficial effects of TGF-b exposure in T1D are more complicated than they might appear. Indeed, transgenic expression of TGF-b in islets significantly inhibited the development of diabetes and was accompanied by the proliferation of Tregs, 46 inhibition of antigenpresenting cell function, and the polarisation of islet antigen-specific T-cell responses towards a Th2 response in local sets ( Figure 1 and Table 1 ). 47 Constitutive expression of TGF-b in islets results in massive fibrosis and structural changes in the pancreas, which may compromise TGF-b-induced immunosuppression (Table 1) 48 . Similarly, TGF-b, via its receptor, is strictly required for Tregmediated prevention of the disease, as supported by the finding that adoptively transferred Tregs could not control the islet-reactive CD8 + T cells, which are deficient in TGF-bR signalling. and thymic T cells led to rapid development of T1D in BDC2.5 NOD mice. 45 Although a reduced number of peripheral Tregs were also found, this effect was due to enhanced Th1-cell responses. 45 Additional support for the Treg-independent regulation via TGF-b signalling was provided using a Foxp3 deficiency diabetic model in which TGF-b maintained peripheral T-cell tolerance primarily via Foxp3-independent regulation of autoreactive T cells. 50 Thus, the beneficial role of TGF-b in preventing T1D in mouse models encourages the development of new therapeutic strategies to target TGF-b, although no drug has yet entered clinical trials for this application.
CLASSICAL CYTOKINES WITH PROINFLAMMATORY ROLES
Several classical cytokines that promote inflammatory responses, including IL-1, IL-6, TNF-a and the IFN family, have been described in T1D, which leads to considerable interest in determining whether blocking these cytokines may be clinically beneficial.
IL-1
IL-1 is a prototypical mediator of innate immunity, with multiple biological actions. 51 IL-1 has long been known to cause b-cell dysfunction and death. 52 Islet b cells are more susceptible to IL-1-triggered apoptosis than other cell types, partly because of their higher IL-1 receptor (IL-1R) density and qualitative differences in NF-jB and MAPK signalling (Figure 1) . 53 Thus, it has been hypothesised that IL-1 blockade may have a synergistic effect on the preservation of b-cell function by reducing local b-cell inflammation and apoptosis.
However, these potential effects of IL-1 blockade have not been confirmed in NOD mice and human patients with T1D. IL-1R deficiency did not prevent the progression to diabetes in NOD mice, although islets were found to be protected from damaging effects of TNF and IFN-c in vitro (Table 1) . 54 Subsequently, two multicenter clinical trials were completed in 60 patients with recent-onset T1D, who were treated with anti-IL-1 antibodies (anakinra and canakinumab) ( Table 1) . 55 The effects of the treatments were not, however, what the investigators expected: single-agent anti-IL-1 therapy did not prevent a decline in b-cell function, as measured by the level of a stimulated C-peptide. 55 Notably, treatment with anakinra decreased systemic inflammation and improved insulin sensitivity in the insulin-resistant patients with T1D, who had no residual b-cell function, a result that was mirrored by improved glucose control and decreased insulin needs. 56 Although these treatments were not effective, this approach may be attractive as a component of combination therapy. Consistent with this idea, a study indicated that the combination of IL-1b blockade and an anti-CD3 monoclonal antibody significantly enhanced clinical remission of diabetes, which was associated with an increase in Tregs and Th1-to-Th2 conversion. 57 IL-1 antibody treatment was shown to synergise with glutamic acid decarboxylase (GAD) immunisation to increase the number of Tregs and reduce the splenic cytotoxic T-cell activity, as determined by the TNF and IFN-c levels; even more strikingly, IL-1 antibody treatment reduced the numbers of islet CD11b
+/high and cytotoxic T cells. 58 These observations are consistent with an important role of IL-1 inhibition in the prevention of local b-cell inflammation and apoptosis. 59, 60 Undoubtedly, IL-1 signals facilitate b-cell damage; however, their role in T1D must be further elucidated.
IL-6
IL-6 mediates the development and progression of autoimmune diseases; the pathological importance of this cytokine has been exemplified by the successful amelioration of a subset of autoimmune conditions by targeting the IL-6/IL-6 receptor (IL-6R) axis. 61 The efficacy of therapeutic blockade of IL-6 in preserving b-cell function in new-onset T1D is being explored in an ongoing clinical trial (NCT02293837).
Although several reports have described a correlation between local IL-6 production and the destructiveness of pancreatic proinflammatory infiltrates in NOD mice, 62,63 data on IL-6 serum levels are inconsistent in patients with T1D. 64 Overexpression of IL-6 in local pancreatic b cells was shown to be associated with marked insulitis, accompanied by infiltration of B cells, macrophages and T cells. 63 Other findings also support the disease relevance of the IL-6 pathway, showing that STAT3 activation coordinates high expression of IL-6R in CD4
+ and CD8 + T cells from patients with T1D. 65 However, activation of the IL-6/STAT3 axis did not influence the frequencies or cytokine profiles (IL-17 and IFN-c) of Helios À Teffs and Helios + Tregs in the blood of patients with T1D. 65 Despite these inconsistencies, dysregulated IL-6 production and downstream receptor signalling are frequent events in T1D and are often associated with insulitis and b-cell damage. IL-6 may regulate the migration and inflammatory responses of effector T cells in T1D ( Figure 1 and Table 1 ). Whole-transcriptome profiling revealed that IL-6-stimulated CD4 + T cells had a unique transcriptome and overexpressed genes implicated in T-cell migration and activity (e.g. CXCR6 and CCR5). 65 Notably, this effect might be regulated by ADAM17, as suggested by an inverse correlation between the expression of ADAM17 and the surface levels of IL-6R in T cells. 65 However, during exercise, contractioninduced IL-6 release is required for b-cell viability, which lowers the expression of inducible nitric oxide synthase and reduces the level of cleaved caspase-3. 66 These studies demonstrate the context-dependent nature of IL-6 and suggest that it functions at several levels.
Tumor necrosis factor
Early studies described the presence of TNF-aproducing DCs and macrophages in pancreatic islet infiltrates and showed that these cells were the initial and major producers of TNF-a. 67 TNF-a was found to upregulate MHC-I molecules, thereby accelerating the apoptosis of b cells, 68 and subsequently induce islet-infiltrating DCs/ macrophages to cross-present an exogenous islet antigen to CD8 + T cells via a unique CD40/CD154-independent pathway ( Figure 1 and Table 1) . 69 Further studies demonstrated that TNF-a upregulated the expression of DC maturation markers in the CD11b + CD11c + subset, which were capable of activating islet-specific T cells in pancreatic lymph nodes. 70 These data suggest that TNF-a plays an important role in the initiation of T1D. This hypothesis was confirmed by the finding that the protective effects of TNF-a blockade were age dependent. When initiated at 4 weeks of age, anti-TNF treatment was able to delay the disease onset but not completely prevent the disease in NOD mice. 71 Despite these results, case reports have indicated that patients with rheumatoid arthritis can develop T1D when treated with a soluble TNF receptor (etanercept) or anti-TNF therapy (adalimumab), but the cause of this adverse event is not understood. 72, 73 These results suggest that this treatment strategy may be ineffective in preventing autoimmune diabetes in humans. Unexpectedly, neutralisation of TNF-a in patients with recent-onset T1D preserved b-cell function, as measured by decreased A1C and increased endogenous insulin levels (Table 1) . 5 Furthermore, a small pilot trial (NCT02464033), which evaluated the influence of anti-TNF-a on the immune system, has been completed, but the results have not been published yet. Taken together, the results of these studies support a diabetogenic role for TNF-a in the initiation of T1D and strengthen the targeting of TNF-a as a new therapeutic strategy.
IFNs
IFN-a and IFN-c, members of the IFN family, are implicated in the initiation and destruction phases of T1D, although the results are conflicting.
IFN-a levels are increased in the blood of patients with T1D; the cytokine is also expressed by islet b cells and produced by plasmacytoid DCs (pDCs) from these patients. [74] [75] [76] IFN-a promotes the overexpression of HLA-I molecules in human b cells and mediates their endoplasmic reticulum stress and apoptosis, which reflects the direct contribution of IFN-a to b-cell destruction ( Figure 1) . 77, 78 Therapies targeting IFN-a and its signalling have been shown to suppress b-cell dysfunction and prevent the progression from prediabetes to T1D. [79] [80] [81] IFN-a produced by pDCs augments Th1 responses in patients with T1D, whereas blockade of IFN-a signalling prevents the entry of autoreactive T cells into islets and induces an exhaustion signature in T cells, with upregulation of genes that encode negative immune regulators (Pdcd1, Lag3, Ctla4, Tigit and Btla), thereby limiting the diabetogenic ability of these cells (Figure 1) . 76, 79 Interestingly, low-dose IFN-a seems to have a beneficial effect on the preservation of b-cell function in young patients with recent-onset T1D 82 ; this positive effect was also observed in NOD mice. 83 However, the molecular mechanism underlying these controversial effects is not yet understood, and thus, the treatment of T1D by targeting IFN-a presents a dilemma.
IFN-c, generally considered a proinflammatory cytokine, seems to be capable of exerting dual effects on the development of T1D. The ability of IFN-c to induce or promote T1D was found to be dependent on the dosage and time of interventions relative to the disease progression in NOD mice. 84 The protective role of IFN-c is associated with the suppression of diabetogenic CD8 + T-cell responses by inhibiting STAT1 expression 85 and with a decrease in Th1 cellrelated cytokines, particularly IL-12 and IL-2, in spleen cells (Table 1) . 84 In some circumstances, IFN-c is a key participant in DC-or vaccine-mediated peripheral tolerance in T1D. 86, 87 However, this cytokine also mediates b-cell destruction in local islets. IFN-c induces the aberrant expression of MHC-I and MHC-II in local pancreatic cells, through which inflammatory process could kill b cells (Figure 1, Table 1 ). 88, 89 Moreover, mucosal-associated invariant T (MAIT) cells, an innate-like T-cell subset, were activated and degranulated via incubation with IFN-c, IL-1 and TNF-a and thus became able to more efficiently kill a human b-cell line. 90 Together, the results of these studies support a complex role for IFN-c in both protection and destruction of b cells. 
NEW PLAYERS IN THE T1D CYTOKINE MILIEU
IL-15
IL-15, a member of the IL-2 cytokine family, is expressed at high levels in mouse islets at the prediabetic stage. 91 Double transgenic mice with pancreatic b-cell expression of IL-15 and IL-15Ra developed hyperglycaemia, b-cell destruction and anti-insulin autoantibodies, mimicking early human T1D. 91 By contrast, NOD mice treated with a monoclonal antibody against TMb1, which blocks the transpresentation of IL-15, or with the Jak2/3 inhibitor tofacitinib, which blocks IL-15 signalling, displayed minimal infiltration of immune cells into pancreatic islets and reversion of hyperglycaemia. 91 By promoting the proliferation and activation of NK cells and CD8 + T cells, IL-15 plays a crucial role in the pathogenesis of T1D (Figure 1 and Table 1 ). 91, 92 However, other data suggest a protective function of IL-15 in T1D via inducing the production of Tregs. IL-15 is required for the development of Ly49 +
CD8
+ Tregs, whose deficiency is increased with ageing, as NOD mice progress towards diabetes ( Figure 1 and Table 1) . 93 This finding led to the treatment of NOD mice with adoptively transferred IL-15-activated CD8 + Tregs, which resulted in delayed diabetes onset. 93 Notably, IL-15-mediated Foxp3 expression in CD4 + Tregs could be abrogated by IL-15-activated NK cells. 92 The results of these studies show that IL-15 can accelerate T1D in vivo and, more importantly, also regulates diabetogenic effects via activation of Tregs, which, however, may be eliminated by simultaneous activation of diabetogenic T cells and NK cells.
IL-33
IL-33 is mainly expressed by cells of barrier tissues and is released as an alarmin to activate cells of both the innate and adaptive immune systems. A possible association of IL-33 with T1D has been highlighted by the finding that soluble ST2, a decoy receptor for IL-33, which sequesters circulating IL-33, is increased in patients with T1D. 94 The physiological function for soluble ST2 was suggested by the protective effects of IL-33 administration in NOD mice and streptozotocininduced diabetic mice (Table 1 ). This function is mediated through the reduction in pancreasinfiltrating cells and an increase in ST2
+ Tregs in pancreatic lymph nodes, leading to a delay in disease onset. 95, 96 Importantly, IL-33 increases Treg frequencies and surface expression of ST2 molecules (Table 1 and Figure 1) , 94, 97 which fuels a positive feedback loop to enhance Treg differentiation. Given the important roles of Tregs in immunosuppression, these findings suggest a possible protective role of IL-33 against T1D onset.
IL-7
The IL-7 cytokine is required for T-cell development and homeostasis via interaction with the IL-7 receptor (IL-7R). Exposure of CD4 + or CD8 + na€ ıve T cells to IL-7 leads to the differentiation of IFN-c-producing cells; in addition, IL-7 was shown to decrease the expression of the inhibitory programmed death-1 (PD-1) receptor in diabetogenic T cells (Figure 1 and Table 1 ). 98, 99 The results of these studies imply a pathogenic role of IL-7 in T1D. However, for Treg-mediated alleviation of T1D, IL-7 is important for maintaining Tregs that selectively express IL-7Ra ( Figure 1 and Table 1) . 100 In addition, during suppression of T1D onset, the immunoregulatory function of DCs also relies on IL-7. 101 These observations have led to a concept that IL-7 signalling is crucial for the balance between diabetogenic T cells and immunosuppressive cells in T1D.
Consistent with this hypothesis, IL-7 accelerates the onset of diabetes in NOD mice, 102 while blockade of IL-7 signalling reverses the disease progression (Table 1) . 98, 99 Studies in mice have shown that blockade of IL-7R reduces the population of IFN-c-producing CD4 + and CD8 + T cells and increases the number of Tregs. 98, 99 Importantly, an anti-IL-7Ra antibody enhanced the expression of the inhibitory PD-1 receptor in effector T cells, 98 suggesting a correlation between this critical inhibitory mechanism and therapeutic efficacy of the antibody. Together, these data indicate the potential of targeting the IL-7/IL-7R axis for the maintenance of b-cell function and immune homeostasis in T1D, although the clinical benefit of this treatment has not been established.
IL-21
The IL-21 cytokine shows pleiotropic effects, which affect the differentiation and function of a broad range of immune cell types.
103,104 IL-21 has been recognised for its ability to promote disease progression in T1D ( Table 1 ). The main cellular source of IL-21 in T1D is T follicular helper (Tfh) cells, which are enriched in the pancreas of NOD mice 105 and peripheral blood of individuals with T1D. 106 Analysis of autoantibody-positive at-risk children revealed that the elevation in activated Tfh cells, which produce IL-21, could be detected even prior to the onset of diabetes. 107 Abrogation of IL-21 signalling protected mice from diabetes, while overexpression of IL-21 was sufficient to induce diabetes. 108, 109 It is currently evaluated in a phase II clinical trial (NCT02443155) whether blocking of IL-21 would preserve b-cell function in adult subjects with newly diagnosed T1D. These studies suggest that IL-21-producing Tfh cells could be used as a biomarker, and blocking of IL-21 might be a promising approach to controlling T1D disease development.
Several ways may be postulated for IL-21 mediation of immune responses associated with T1D ( Figure 1 ). As discussed above, Th cells from inflamed tissues of NOD mice produced an abundance of IL-21, and IL-21-producing Tfh cells played a major role in the disease development. 105, 110 Coexpression of the chemokine receptor CCR9 was important for Tfh cell migration into pancreatic islets, which further promoted the proliferation and function of CD8 + T cells and subsequent destruction of islet b cells. 105, 110 With respect to other immune cells, IL-21R expression on DCs was required for their migration into draining lymph nodes, which induced diabetes in Il21r À/À knockout mice.
111 IL-21 acts on DCs to induce the production of PGE 2 and IL-6, which further promotes Th17 differentiation and, in turn, determines disease development. 111 In addition, increased IL-17 production was observed in the pancreas of b-cell-specific IL-21-expressing mice; by contrast, defective polarisation towards Th17 cells was observed in lymphocytes from Il21r À/À knockout NOD mice, 108, 109 suggesting the potential role for IL-21 in Th17 cells. Notably, IL-21 blocking failed to change the number and function of Tregs in NOD mice, 108 although IL-21 has been described to inhibit the expansion of Tregs via reducing IL-2 production 112 or through transcription factor Bcl-6-mediated inhibition of CD25 expression. 113 
IL-12 family
The IL-12 family currently includes IL-12, IL-23, IL-27 and IL-35. IL-12 and IL-23 are mainly proinflammatory cytokines, whereas IL-27 and IL-35 are immunoregulatory cytokines. Functional effects of IL-23 and IL-27 in T1D are a new area of research, and the importance of these two cytokines in T1D has not yet been established.
IL-35, the most recently identified member of this family, is a potent inhibitory cytokine, produced by populations of immunosuppressive cells. An initial study showed that ectopic expression of IL-35 in islets resulted in a substantial suppression of ongoing b-cell destruction, accompanied by a reduction in the number of islet-resident T cells, with limited cytokine alterations. 114 Interestingly, although ectopic IL-35 decreased the frequency of IFN-c-expressing diabetogenic T cells, the number and proliferation of islet Foxp3 + Tregs were also reduced. 115 These data suggest that the protective effect of islet IL-35 is independent of the induction/expansion of pancreas-resident immunosuppressive T cells. However, after systemic treatment of established diabetes with an IL-35 recombinant protein, IL-35 promoted a phenotypic shift of Tregs, which resulted in an increase in anti-inflammatory (IL-10,  IL-35 and TGF-b) and a decrease in proinflammatory (IFN-c, IL-2 and IL-17) cytokines, counteracting the autoimmune attack in T1D. 116 This effect is partly attributed to the induction of Eos expression and IL-35 production in Tregs (Figure 1) . 116 Higher proportions of IL-35-producing Tregs and Bregs were also observed in the sera of long-standing T1D patients with residual functional b cells than in those of patients without residual b cells. 117 These findings in humans, together with the observation of hyperglycaemia-reversing effects of systemic IL-35 administration in established NOD mice (Table 1) , 116 suggest the application of IL-35 as a treatment strategy in patients with either newonset or long-standing T1D with residual b cells.
Administration of IL-12 accelerates the onset of diabetes and increases the population of isletinfiltrating Th1 cells ( Figure 1 and Table 1) . 118 An antagonist of IL-12 was shown to suppress the destruction of b cells in NOD mice at 3 or 4 weeks of age and lead to the skewing of islet-infiltrating CD4 + T cells towards the Th2 phenotype. 119, 120 When insulitis was established 119 or treatment started at a very early age, 121 an antagonist of IL-12 failed to reverse the disease in NOD mice. These apparently inconsistent data regarding the function of IL-12 in T1D reflect differences in the time of intervention. However, both wild-type NOD mice and NOD mice with genetic ablation of IL-12 were similar in the development of insulitis and diabetes, although IL-12-deficient NOD mice showed an impaired Th1 response to an islet autoantigen. 122 Meanwhile, anti-inflammatory effects of IL-12 were also observed in NOD mice, 123 with IL-12 substantially suppressing the proinflammatory cytokines IL-1b, IL-6 and IL-23 and indirectly inhibiting Th17 cells. IL-12, therefore, is also able to play a protective role in the development of T1D (Figure 1 and Table 1 ). 123 The above-mentioned findings suggest that IL-12 may play multifaceted roles in T1D, which have not been clearly addressed; thus, an IL-12-based approach may not be ideally suited for T1D therapy.
Th17 cytokines
Evidence indicates that Th17 cells play a pathological role in T1D onset. NOD mice treated with a selective inverse agonist of RORa/c, a nuclear receptor that promotes Th17 cell development, displayed a reduced incidence of diabetes and insulitis. 124 However, transfer of a pure population of Th17 cells into NOD/SCID mice failed to induce hyperglycaemia. 125 More research is needed to understand the role of Th17 cells in T1D, as they may provide important new targets via their preferential production of diabetesrelated cytokines, including IL-17A, IL-21, IL-22 and IL-25, all of which play a role at the initiation or destruction phases of T1D.
IL-17, a predominant product of Th17 cells, plays a pathogenic role in T1D (Table 1 and Figure 1 ). NOD and STZ-induced diabetic mice exhibited significant increases in the percentages of IL-17-secreting T cells in the islet periphery following disease onset. 126 Anti-IL-17 treatment, which antagonises Th17 cell differentiation, prevented diabetes development in the majority of NOD mice at 10 weeks of age, when effector destruction begins (Table 1) . 127 In this context, anti-IL-17 reduced the frequency of IL-17 + cells and increased the proportion of Foxp3 + cells, surrounding the islets. 127 However, anti-IL-17 did not alter the diabetes progression in NOD mice when treatment was initiated at 5 weeks of age, supporting a diabetogenic role for IL-17 in the bcell destruction process but not in the initiation of this disease. 127 IL-22 is widely considered a Th17 cytokine because it is mostly coexpressed with IL-17. Defective production of IL-22 and IL-17 by MAIT cells has been described to increase gut permeability in T1D, which suggests that these cytokines may play important roles in complex interactions between the immune system and intestinal microbiota. 90 Although IL-22 has been shown to be elevated in T1D, 15 administration of either IL-22 or an anti-IL-22 antibody failed to affect the onset of the disease and b-cell residual function in a diabetic mouse model (Table 1) , 45, 128, 129 suggesting that IL-22 is not required for the pathogenesis of T1D. Interestingly, after its administration, IL-22 remains active and reaches the pancreas, where the highest level of IL-22R expression is observed among human tissues ( Figure 1 ). 130 IL-22 upregulates the expression of the antiapoptotic proteins Bcl-2 and Bcl-xl, as well as that of the regenerative proteins Reg1 and Reg2, in pancreatic b cells (Table 1) . 131, 132 The expression pattern of IL-22/IL-22R in the pancreas suggests that these molecules may play a vital but yet undefined role in b-cell viability and regeneration. IL-25 is a member of the IL-17 family of cytokines, but unlike IL-17, IL-25 inhibits Th17 cells and induces the secretion of Th2 cytokines (Figure 1) . Studies investigating the involvement of IL-25 in T1D have been limited. One study showed that IL-25 treatment significantly reduced islet inflammation, prevented autoantibody formation, and delayed the progression to diabetes in prediabetic animals, which was associated with the alteration of the T-cell repertoire (Table 1) . 127 The most intriguing finding is that IL-25 could control diabetes after the disease was established and even delay the recurrence of autoimmunity after syngeneic islet transplantation, 127 suggesting that IL-25 treatment may be superior to IL-17 neutralisation in regulating the effector autoimmune response during the destructive phase of T1D.
CONCLUSION AND PERSPECTIVES
As outlined above, cytokine networks play crucial roles in orchestrating inflammation during both the initiation and destruction phases of T1D. This realisation has provided remarkable insights into disease pathogenesis and potential therapeutic strategies. Consequently, approaches to targeting cytokines such as IL-21, IL-1b, IL-2, IL-6 and TNF-a are currently evaluated in clinical trials. However, the contradictory functions of some cytokines (IL-4, IL-13 and IFN-c) have been supported by observations in murine models, indicating that these cytokines can either induce or prevent T1D, depending on the context. This duality may indicate that the roles of cytokines in the destruction of b cells are more complex than previously appreciated. The key feature of cytokine networks in T1D likely is that targeting a single cytokine axis may lead to the development of alternative, compensatory cytokine pathways or exert complex effects, because of partially shared receptors. Furthermore, some cytokine receptors, such as IL-1bR and IL-4R, are expressed at high levels not only by cells of the immune system but also by b cells, which seems to increase the sensitivity to cytokine-induced direct b-cell death or protection, apart from immune-mediated effects.
Cytokine function can be affected by immune cell plasticity, which may contribute to the pathogenic or regulatory effects of cytokines within the different microenvironments of T1D. Thus, islet-resident MAIT cells, which produce increased levels of IFN-c and granzyme B, directly participate in the process of b-cell destruction. Conversely, IL-17 and IL-22 from MAIT cells of the gut mucosa may play a protective role against diabetes via preserving the integrity of the gut barrier. 90 Therefore, the key issues that remain to be addressed are not identifying which cytokine is central to the disease but rather elucidating the interplay between changes in immune cell function during disease progression, as well as defining the different tissue microenvironments that participate in the disease development and the importance of cytokine networks involved in the pathogenesis of T1D. 
